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Abstract 

The transcription factor p53 mediates the apoptosis of post-mitotic neurons exposed to a wide range of stress stimuli. The 
apoptotic activity of p53 is tightly regulated by the apoptosis-stimulating proteins of p53 (ASPP) family members: ASPP1, 
ASPP2 and iASPP. We previously showed that the pro-apoptotic members ASPP1 and ASPP2 contribute to p53-dependent 
death of retinal ganglion cells (RGCs). However, the role of the p53 inhibitor iASPP in the central nervous system (CNS) 
remains to be elucidated. To address this, we asked whether iASPP contributes to the survival of RGCs in an in vivo model of 
acute optic nerve damage. We demonstrate that iASPP is expressed by injured RGCs and that iASPP phosphorylation at 
serine residues, which increase iASPP affinity towards p53, is significantly reduced following axotomy. We show that short 
interference RNA (siRNA)-induced iASPP knockdown exacerbates RGC death, whereas adeno-associated virus (AAV)- 
mediated iASPP expression promotes RGC survival. Importantly, our data also demonstrate that increasing iASPP expression 
in RGCs downregulates p53 activity and blocks the expression of pro-apoptotic targets PUMA and Fas/CD95. This study 
demonstrates a novel role for iASPP in the survival of RGCs, and provides further evidence of the importance of the ASPP 
family in the regulation of neuronal loss after axonal injury. 
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Introduction 

iASPP is the most evolutionarily conserved member of the 
'Ankyrin-repeat, SH3-domain, and Proline-rich-region containing 
Protein' (ASPP) family [1], comprised of ASPP1, ASPP2, and 
iASPP. The first detected form of iASPP, a truncated variant 
termed RelA-associated inhibitor (RAI), was identified as a nuclear 
factor kappa beta (NFkB) inhibitor in a yeast two hybrid screen 
[2] . The full-length isoform of iASPP, which is the predominant 
form of this molecule expressed in cells, was later discovered and 
shown to carry a C-terminus identical to RAI [3]. ASPP family 
members have attracted much attention since their implication in 
a novel mechanism of p53 apoptotic regulation was identified in 
cancer cells. During tumorigenesis, pro-apoptotic ASPP 1/2 
enhance p53-dependent cell death [4—7], while anti-apoptotic 
iASPP binds to p53 to inhibit its ability to transactivate pro- 
apoptotic target genes [5,7-11]. 

Since its discovery, iASPP was shown to be encoded by the 
Protein Phosphatase 1 Regulatory Subunit 13-Like (PPP1R13L) 
gene, which is overexpressed in many tumors including acute 
leukemia [12], breast cancer [1], glioblastoma [13], ovarian cancer 
[14], and head and neck squamous cell carcinoma [15]. Previous 
studies demonstrated that overexpression of iASPP in a human 
osteosarcoma cell line increased their resistance to ultraviolet 
radiation or cisplatin-induced apoptosis, without altering p53 



expression [1]. Due to its potent inhibitory role of p53 apoptotic 
activity, iASPP function has been studied primarily in cancer cells 
or in the context of tumor biology. However, the role of iASPP in 
neuronal survival and neurodegeneration is not well understood. 

To address this, we asked whether iASPP is implicated in the 
survival of retinal ganglion cells (RGC) after axonal injury. RGCs 
are central nervous system (CNS) neurons that undergo a 
predictable onset of apoptotic death following optic nerve 
transection [16,17]. Here, we demonstrate that ASPP is expressed 
by adult intact and axotomized RGCs. We show that short 
interference RNA (siRNA)-mediated knockdown of retinal ASPP 
expression exacerbates RGC death, while ASPP overexpression 
using serotype 2 adeno-associated virus (AAV) promotes RGC 
survival in vivo. We demonstrate that increased ASPP expression 
leads to a reduction in p53 apoptotic activity as evidenced by 
downregulation of p53 phosphoserine 15 (pSerl5 p53), and its 
targets PUMA and Fas/CD95. In summary, our study identifies a 
novel role for ASPP in the survival of RGCs after acute optic 
nerve damage, and further supports a critical role of ASPP family 
members in the regulation of neuronal loss in the injured CNS. 
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Materials and Methods 

Experimental Animals 

Animal procedures were performed in accordance with the 
guidelines of the Canadian Council on Animal Care for the use of 
experimental animals (www.ccac.ca). All protocols were approved 
by the Committee on the Ethics of Use of Experimental Animals 
at the University of Montreal (Permit Number: 13-018). Surgeries 
were carried out in adult, female Sprague-Dawley rats (180— 
200 g), and performed under general anesthesia (2% Isoflurane, 
0.8 liter/min). The number of animals used in each experiment is 
indicated in the results and the legend of the corresponding figure. 
All efforts were made to minimize the suffering of experimental 
animals. 

Optic nerve axotomy 

The left optic nerve was exposed and carefully transected at 
1 mm from the optic nerve head avoiding injury to the ophthalmic 
artery, as previously described [17-19]. The right eye was never 
operated on and served as internal control. Fundus examination 
was performed immediately after axotomy and three days later to 
check the integrity of the retinal circulation after surgery. Animals 
showing signs of compromised blood supply were excluded from 
the study. 

Short interfering RNA (siRNA) 

The siRNA sequences against iASPP were purchased from 
Dharmacon (Smartpool, Thermo Scientific, Lafayette, CO) (sense 
strands): 5'-CCGCCAA AGUGGACGAAUU-3', 5'-UGA- 
CAGGCGGUUCUGACGUU-3 ' , 5 ' -CCGAAGGCCU 

GGAAC GAGU-3 ' , 5 ' -UGGUAC AGC AGGCGGUGAA-3 ' . 
The control siRNA against GFP was kindly provided by Dr. 
Elena Feinstein (Quark Pharmaceuticals Inc.) and has been 
described elsewhere [20]. 

Recombinant AAV Serotype 2 Vectors 

A murine iASPP cDNA containing a c-terminal, myc tag 
(synthesized by GenScript USA Inc., Piscataway, NJ) was inserted 
downstream of the Synapsin 1 (Synl) promoter into an AAV 
vector plasmid containing bovine growth hormone poly A and 
AAV serotype 2 terminal repeats. Site-directed mutagenesis of 
surface-exposed tyrosine residues on AAV2 was done to prevent 
proteasome-mediated degradation and improve transduction 
efficiency as previously described [21]. Vectors were packaged, 
concentrated, and titered using standard methods [22]. A control 
vector containing the green fluorescent protein (GFP) gene under 
control of the same Synl promoter was prepared in identical 
fashion and used as control. The titers of the vector stocks were: 
1.07E+13 vector genomes/ml (vg/ml) for hSynl-iASPP-myc 
AAV2 Triple Y-F (AAV.iASPP) and 8.23E+12 vg/ml for Synl- 
hGFP AAV2 Triple Y-F (AAV. GFP). 

Intravitreal injections 

siRNA against iASPP or control siGFP (2 ug/ul), as well as 
AAV encoding iASPP (AAV.iASPP, 1.07E+13 vg/ml) or control 
GFP (AAV. GFP, 8.23E+12 vg/ml) were injected into the vitreous 
chamber of the left eye using a Hamilton syringe fitted with a 32- 
gauge glass microneedle (total volume: 5 ul). The sclera was 
exposed and the tip of the needle inserted at a 45° angle through 
the sclera and retina into the vitreous space using a posterior 
approach. This route of administration avoided injury to anterior 
eye structures, which can promote RGC survival [23,24]. Surgical 
glue (Indermill, Tyco Health Care, Mansfield, MA) was used to 
seal the injection site. Intraocular injection of siRNA was 



performed at the time of optic nerve axotomy, while injection of 
AAV was performed two weeks prior to axotomy to allow for 
AAV-mediated transgene expression to reach a plateau [17,19]. 

Retinal immunohistochemistry 

Animals were perfused transcardially with 4% paraformalde- 
hyde (PFA) in 0.1 M phosphate buffered saline (PBS, pH 7.4). 
Retinal cryosections (16 |im) were prepared as previously 
described [19,25]. For iASPP immunohistochemistry, retinas were 
subjected to heat-mediated antigen retrieval by incubating sections 
in 0.01 M sodium citrate in 0.5% Tween-20 (pH 6) at 85°C for 
15 min. The following primary antibodies were added to the 
retinal sections in blocking solution and incubated overnight at 
4°C: RNA binding protein with multiple splicing (RBPMS), Brn3a 
(1 (ig/ml, Santa Cruz Biotechnologies, Santa Cruz, CA), iASPP 
(1 (Ig/ml, Bethyl Laboratories, Montgomery, TX), iASPP (1 u,g/ 
mL, Clone LX049.3, 1 Ug/ml, Sigma- Aldrich, Saint-Louis, MO), 
Calretinin (1:1000, Millipore, Billerica, MA), Calbindin (1:10,000, 
Swant, Switzerland), or c-myc (1 u,g/mL, Abeam, Cambridge, 
MA). The selective RGC markers RBPMS and Brn3a were used 
for distinct purposes: RBPMS was used for cytoplasmic co- 
localization studies, whereas nuclear Brn3a was used for RGC 
density quantification. For RBPMS, rabbit and guinea pig 
polyclonal antibodies were generated against the N-terminus 
GGKAEKENTPSEANLQEEEVR (RBPMS 4 . 24 ) by ProSci Inc. 
(Powy, CA). Sera were collected following immunization and 
affinity purified using a RBPMS polypeptide affinity column as 
described [26]. Sections were then incubated with secondary 
antibodies: anti-rabbit IgG, anti-mouse IgG, or anti-goat IgG (1- 
8 ug/ml, Cy3, Alexa 594, Alexa 488, Alexa 350, Jackson 
ImmunoResearch Laboratories Inc., West Grove, PA), washed 
and mounted in anti-fade reagent (SlowFade, Molecular Probes, 
Eugene, OR). Fluorescent labeling was observed with a Zeiss 
AxioSkop 2 Plus microscope (Carl Zeiss Canada, Kirkland, QC). 

Western blot analysis 

Whole fresh retinas were rapidly dissected and homogenized 
with an electric pestle (Kontes, Vineland, NJ) in ice-cold lysis 
buffer (20 mM Tris pH 8.0, 135 mM NaCl, 1% NP-40, 0.1% 
SDS, and 10% glycerol supplemented with protease inhibitors). 
For phosphorylated protein analysis, retinas were homogenized in 
ice-cold phosphorylation lysis buffer (50 mM Tris HC1 pH 7.4, 
EDTA 1 mM, NaCl 150 mM, NP40 1%, NaF 5 mM, Na 
deoxycholate 0.25%, NaVO :i 2 mM, supplemented with protease 
and phosphatase inhibitors). Protein homogenates were centri- 
fuged at 10,000 rpm for 10 min, and the supernatants removed 
and resedimented for an additional 10 min to yield solubilized 
extracts. Retinal extracts (40 ug) were resolved on SDS polyacryl- 
amide gels and transferred to nitrocellulose membranes (Bio-Rad 
Life Science, Mississauga, ON). Blots were incubated overnight at 
4°C with each of the following primary antibodies: phospho-p53 
(Serl5) (2 Ug/ml, Abeam), acetyl p53 (Lys 373, Lys 382) (1:100, 
Millipore), iASPP (0.5 ug/ml, Bethyl Laboratories), iASPP 
(0.1 ug/ml, Clone LX049.3, Sigma-Aldrich), Bax (1.5 ug/ml, 
N20, Santa Cruz Biotechnologies), PUMA (1 ug/ml, Abeam), 
Noxa (0.5 Ug/ml, Sigma-Aldrich), Fas/CD95 (1 ug/ml, BD 
Transduction Laboratories, San Jose, CA) or fS-actin (0.5 Ug/ml, 
Sigma-Aldrich). Membranes were washed and incubated in anti- 
rabbit or anti-mouse peroxidase-linked secondary antibodies 
(0.5 ug/ml, Amersham Biosciences, Baie d'Urfe, QC). Blots were 
developed with a chemiluminescence reagent (ECL clarity, 
BioRad, Hercules, CA) and imaged by ChemiDoc MP (BioRad). 
Densitometric analysis was performed using Image Lab software 
(BioRad) on scanned nitrocellulose membranes obtained from a 
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Figure 1. Adult RGCs express iASPP. Endogenous retinal iASPP was detected by immunofluorescence in the ganglion cell layer (GCL) and inner 
nuclear layer (INL) (A, C, D, and G). iASPP staining in RGCs was confirmed using the RGC-specific marker RBPMS (D-F). iASPP was also detected in 
amacrine and horizontal cells, visualized with calretinin (H,J, arrows) and calbindin (l,J, arrows), respectively. Scale bars: (A-C) = 50 \im; (D-J) = 20 \xm. 
PS: Photoreceptor Segments; ONL: Outer Nuclear Layer; OPL: Outer Plexiform Layer; INL: Inner Nuclear Layer; IPL: Inner Plexiform Layer; GCL: Ganglion 
Cell Layer. 

doi:1 0.1 371 /journal.pone.00941 75.g001 



series of three independent blots each carried out using retinal 
samples from distinct experimental groups. 

Immunoprecipitation 

Retinal extracts of AAV.iASPP or AAV.GFP injected eyes were 
immunoprecipitated with 2 |xg of phosphoserine or control IgG 
antibodies (Millipore) following Catch and Release version 2.0 kit 
procedures (Millipore) and processed for Western blot analysis. 
Briefly, retinal extracts (400 ug) were incubated in continuous 
rotation for 3 hrs at 4°C in 500 u.1 of affinity beads carrying rabbit 
polyclonal anti-phosphoserine IgG (2 ug, Millipore). The beads 
were washed three times with wash buffer (Millipore), and the 
bound proteins were eluted by treating the beads twice with 70 pi 
of elution buffer. Detection and identification of immunoprecip- 
itated proteins were performed by Western blots analysis as 
described above. 



Quantification of RGC survival 

Rats were euthanized at one or two weeks post-axotomy by 
transcardial perfusion with 4% PFA and both the left (optic nerve 
lesion) and right (intact control) retinas were dissected and fixed for 
an additional 15 min. Brn3a immunodetection on whole-mounted 
retinas was performed as described [27]. Briefly, whole mounted 
retinas were permeabilized in PBS containing 0.5% Triton X-100 
(Fisher, Waltham, MA) by freezing them at — 80°C for 15 min, 
rinsed and incubated overnight at 4°C with goat-anti-Brn3a 
(0.27 (ig/ml, Santa Cruz Biotechnologies, C-20) in blocking buffer 
(PBS, 2% normal donkey serum, 2% Triton X-100). Retinas were 
washed and incubated for 2 hrs at room temperature with Alexa 
Fluor donkey anti-goat IgG (1 u.g/ ml, Jackson ImmunoResearch 
Laboratories Inc.). Retinas were then rinsed, mounted vitreal side 
up, and covered with anti-fade solution (SlowFade, Molecular 
Probes, Eugene, OR). Brn3a-labeled neurons were counted within 
three square areas at distances of 1 , 2 and 3 mm from the rat optic 
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Figure 2. iASPP protein and phosphoserine levels after axotomy. Retinal iASPP expression and localization did not change at 24 hrs or 3 days 
after optic nerve injury compared to intact eyes (A-C). Scale bar: 10 nm. Analysis of protein homogenates from axotomized retinas collected at 6, 12, 
24, 48 hrs, 3 and 5 days confirmed that iASPP levels were similar to those in intact, non-injured retinas. The lower panel represents the same blot as in 
the upper panel but probed with an antibody that recognizes p-actin used to confirm equal protein loading (D). Densitometric analysis of western 
blots, showing the ratio of iASPP protein relative to p-actin, confirmed that there is no significant change in protein levels after injury (E) (ANOVA, p> 
0.05). Phosphoserine immunoprecipitation (IP) of intact and axotomized retinas probed with iASPP antibody revealed a decrease in phosphoserine 
iASPP at 24 hrs after axotomy. IP of retinal homogenates with an IgG antibody was included as control for non-specific interactions (F). ONL: Outer 
Nuclear Layer; OPL: Outer Plexiform Layer; INL: Inner Nuclear Layer; IPL: Inner Plexiform Layer; GCL: Ganglion Cell Layer. 
doi:1 0.1 371 /journal.pone.00941 75.g002 



disc in each of the four retinal quadrants for a total of twelve 
retinal areas. Fluorescent staining was examined with a Zeiss 
Axioskop 2 Plus microscope (Carl Zeiss Canada, Kirkland, QC). 
Images were captured with a CCD video camera (Retiga, 
Qimaging, Burnaby, BC) and analyzed with Northern Eclipse 
software (Empix Imaging, Mississauga, ON). 

Statistical analyses 

Data analysis and statistics were performed using the GraphPad 
Instat software (GraphPad Software Inc., San Diego, CA) by a 
one-way analysis of variance (ANOVA) followed by the Bonferroni 
post hoc test or Student's t test. 

Results 

iASPP is abundantly expressed by injured RGCs but its 
activity decreases after axonal damage 

To characterize the role of the p53 inhibitor iASPP in RGC 
death, we first determined its cellular localization in the adult rat 
retina. Retinal immunohistochemistry showed expression of 
endogenous iASPP in the ganglion cell layer (GCL) and inner 
nuclear layer (INL) (Fig. 1A). As displaced amacrine cells account 
for ~40-50% of the total number of neurons in the rat GCL 
[28,29], we performed co-localization studies using antibodies 
against iASPP and 'RNA binding protein with multiple splicing' 
(RBPMS), a selective RGC marker [26,30]. All RBPMS-positive 
neurons were immunoreactive for iASPP (Fig. 1B-F), indicating 
that adult RGCs are endowed with high levels of constitutive 
iASPP protein. In the INL, iASPP immunolabeling co-localized 
with calretinin, a marker of amacrine cells, and calbindin, a 
horizontal cell-specific marker (Fig. 1G-J), indicating that these 
cells also express iASPP. There was no co-localization between 



iASPP and PKCot suggesting that iASPP is not expressed by rod 
bipolar cells (not shown). 

After axotomy, RGCs initially survive then die abrupdy 
[16,31,32] and pro-apoptotic signals can be detected as early as 
12 hrs after injury [33]. We did not detect changes in the levels or 
cellular localization of iASPP at 24 hrs or 3 days after axotomy 
(Fig. 2A-C), indicating that iASPP levels are similar in axotomized 
and non-injured retinas prior to the onset of RGC death. This 
finding was confirmed by western blot analysis of iASPP protein at 
6 hrs, 12 hrs, 24 hrs, 48 hrs, 3 days and 5 days after axotomy 
(Fig. 2D, E). The phosphorylation of iASPP at serine residues 
increases its affinity towards p53 thus blocking the transcription of 
p53 pro-apoptotic target genes [34]. Therefore, we asked whether 
iASPP undergoes injury-induced changes in phosphorylation at 
serine residues. For this purpose, immunoprecipitation (IP) of 
endogenous phosphoserine proteins was performed on retinal 
lysates, and the eluates were probed with iASPP antibody to detect 
endogenous iASPP phosphorylated at serine residues. Phospho- 
serine IP showed enrichment of retinal iASPP in the intact eye, 
whereas no co-precipitation of iASPP was observed in axotomized 
retinas (Fig. 2F). Retinal lysates subjected to IP with an IgG 
antibody, to control for non-specific interactions, did not show 
detectable bands (Fig. 2F). Our finding suggests that optic nerve 
injury reduces iASPP phosphorylation at serine residues, which 
might compromise its ability to inhibit p53-mediated apoptosis. 

Retinal iASPP knockdown exacerbates RGC loss after 
axonal damage 

To elucidate the role of iASPP in retinal neuron death, we first 
undertook a loss-of-function approach based on siRNA-mediated 
iASPP knockdown. We previously demonstrated that a single 
intravitreal injection of siRNA reaches the entire retina and 
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Figure 3. Selective siRNA knockdown of iASPP exacerbates axotomy-induced RGC death. A significant reduction of iASPP in the GCL was 

observed by immunohistochemistry of axotomized retinas at 24 hrs after intravitreal delivery of siRNA against iASPP (si-iASPP) compared to intact 
retinas, while control siRNA against GFP (siGFP) had no effect (A-C). RBPMS labeling confirmed that siRNA-mediated knockdown of iASPP occurred in 
RGCs (D-F). Scale bars: (A-C) = 50 |im; (D-F) = 1 5 fim. Western blot analysis confirmed that intravitreal delivery of si-iASPP led to marked reduction of 
retinal iASPP protein at 24 hrs after delivery, while siGFP had no effect (G, H; Student's T-test, *** = p<0.001). Quantitative analysis of RGC survival at 
one week after axotomy following intraocular injection of si-iASPP (black), or control siGFP (grey) (n =4/group, ANOVA, * = p<0.05). The density of 
RGCs in intact, uninjured Sprague-Dawley rat retinas with si-iASPP intravitreal injection (hatched bar) or without (open bar) are shown as reference. 
Data are expressed as the mean ± S.E.M. ONL: Outer Nuclear Layer; OPL: Outer Plexiform Layer; INL: Inner Nuclear Layer; IPL: Inner Plexiform Layer; 
GCL: Ganglion Cell Layer. 
doi:1 0.1 371 /journal.pone.00941 75.g003 



rapidly downregulates target mRNAs in RGCs [18,35]. Analysis 
of axotomized retinas treated with siRNA against iASPP (si-iASPP) 
at the time of axotomy revealed effective knockdown of iASPP 
protein in the GCL as early as 24 hrs after administration (Fig. 3A, 
B). Treatment with si-iASPP led to depletion of iASPP from 
RGCs, visualized with RBPMS (Fig. 3 D-F), whereas a control 
siRNA against GFP (si-GFP) had no effect (Fig. 3C). Similarly, 
western blot analysis confirmed robust knockdown of iASPP 
following si-iASPP administration in injured retinas (Fig. 3 G, H). 
Next, we asked whether iASPP depletion had an effect on 
axotomy-induced RGC loss. Quantitative analysis of Brn3a- 
labeled RGCs demonstrated that siRNA-mediated iASPP down- 
regulation resulted in significantly greater RGC death (63%: 
821 ±68 RGCs/mm 2 , n = 4) compared to siGFP-treated eyes 
(48%: 1154±27 RGCs/mm 2 , n = 4) at one week post-axotomy 
(Fig. 31). Injection of si-iASPP into intact eyes did not change the 
density of RGCs compared to non-injured, non-treated controls 
ruling out the possibility that si-iASPP can induce RGC death by 
itself (Fig. 31). These results indicate that loss of iASPP exacerbates 
RGC death following optic nerve injury. 



AAV-mediated iASPP overexpression selectively increases 
iASPP activity in RGCs 

AAV serotype 2 vectors were administered by intraocular 
injection to examine iASPP transgene expression in retinal cells in 
vivo. Retinas were examined two to four weeks following 
administration of AAV, the time required for optimal transgene 
expression using this vector [17,19]. To distinguish AAV-mediated 
iASPP from endogenous iASPP, we used an antibody against the 
c-myc tag present only in the iASPP transgene. Robust c-myc 
staining was observed in a large number of cells in the GCL of 
retinas treated with AAV.iASPP, but not in control eyes injected 
with AAV.GFP (Fig. 4A, B). Co-localization of c-myc with 
RBMPS confirmed that AAV-transduced iASPP was expressed 
by RGCs (Fig. 4C-E). AAV.iASPP transduction occurred across 
the entire retina as previously shown by us [36]. Quantification of 
double-labeled c-myc and RBMPS-positive cells demonstrated 
that ~85% of RGCs produced virally-encoded iASPP, consistent 
with previous reports showing high RGC transduction rates 
following intraocular administration of AAV serotype 2 [17,19]. 
Western blot analysis confirmed virally-mediated iASPP upregula- 
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AAV-mediated iASPP in RGCs was confirmed using the RGC marker RBPMS (C-E). Scale bars: (A-B) =50 urn; (C-E) =15 urn. Immunoblotting and 
densitometric analyses confirmed that intravitreal delivery of AAV.iASPP led to significant overexpression of iASPP protein while AAV.GFP had no 
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tion in injured retinas, while control AAV.GFP had no effect (Fig. 4 
F, G). Next, we asked whether overexpression of iASPP increased 
its availability to undergo serine phosphorylation after axotomy. IP 
experiments demonstrated a significant enrichment of iASPP 
phosphorylated at serine residues in axotomized retinas treated 
with AAV.iASPP, while no detectable iASPP phosphoserine was 
observed in AAV.GFP-treated injured retinas (Fig. 4H). Our data 
demonstrate that AAV-mediated iASPP expression increases the 
amount of serine phosphorylated iASPP in axotomized retinas. 

AAV.iASPP protects RGCs from axotomy-induced death 

The widespread expression of AAV-mediated iASPP in RGCs 
and its ability to activate iASPP in vivo prompted us to test its effect 
on RGC survival. For this purpose, intravitreal injections of 
AAV.iASPP or AAV.GFP were performed two weeks prior to 
axotomy and retinas were examined histologically at 7 and 1 4 days 
post-lesion to determine the density of surviving RGCs in all 
retinal quadrants. Flat-mounted retinas from eyes treated with 



AAV.iASPP showed higher densities of Brn3a-positive RGCs 
compared to AAV.GFP-treated control retinas (Fig. 5A, B). 
Quantitative analysis demonstrated that iASPP overexpression 
resulted in significant RGC survival (77%: 1720±61 RGCs/mm 2 , 
n = 5) with respect to eyes that received AAV.GFP (49%: 
1094±55 RGCs/mm 2 , n = 5) at one week post-injury (Fig. 5 C). 
At two weeks after axotomy, only 9% of RGCs remained in eyes 
treated with AAV.GFP (221 ± 14 RGCs/mm 2 , n = 5) whereas 
27% of RGCs survived foUowing AAV.iASPP treatment 
(6 1 5 ± 3 1 RGCs/mm 2 , n = 4). Assessment of RGC numbers in 
all retinal areas analyzed (superior, temporal, inferior and nasal), 
indicated that the proportion of AAV.iASPP-mediated RGC 
survival compared to AAV.GFP was similar across retinal 
quadrants and eccentricities. These data indicate that AAV- 
mediated iASPP expression delays RGC death after injury and 
supports the conclusion that iASPP activity promotes RGC 
survival following axonal injury. 
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Figure 5. AAV-mediated iASPP overexpression increases RGC 
survival. Brn3a-labeled flat-mounted retinas from axotomized eyes 
demonstrate higher RGC densities following treatment with AAV.iASPP 
(A) than with AAV.GFP (B) at one week post-injury. Scale bars: 100 um. 
Quantitative analysis of RGC survival following axotomy and intraocular 
injection of AAV.iASPP (black) or control AAV.GFP (grey) (ANOVA, 
*** = p<0.001) at one and two weeks post-injury (C). The density of 
RGCs in intact, uninjured Sprague-Dawley rat retinas is shown as 
reference (open bar). Data are expressed as the mean ± S.E.M. 
doi:1 0.1 371 /journal.pone.00941 75.g005 

iASPP down regulates p53 activity and the expression of 
pro-apoptotic targets PUMA and Fas/CD95 

To investigate the mechanisms by which iASPP overexpression 
might promote RGC survival, we first examined its effect on p53 
post-translational modifications. Acetylation at p53 lysine residues 
373 and 382 (Lys373, Lys382) by p300 occurs in the carboxyl- 
terminal region of p53 and has been correlated with its apoptotic 
function [37-39]. No changes in p53 acetylation at Lys373 and 
Lys382 were detected 24 hrs after axotomy in retinas treated with 
AAV.iASPP or control AAV.GFP (Fig. 6 A, B). In contrast, 
AAV.iASPP markedly inhibited the axotomy-induced increase in 
phosphoserine 15 (pSerl5) p53 (Fig. 6 A, C), a key phosphory- 
lation target during p53 activation [40,41]. The reduction of 
pSerl5 p53 in retinas overexpressing iASPP prompted us to assess 
the levels of the p53 pro-apoptotic targets PUMA, Fas/CD95, Bax 
and Noxa. Western blot analysis of retinal samples showed that 
AAV.iASPP markedly reduced PUMA and Fas/CD95 protein 
levels relative to control AAV.GFP (Fig. 6 D, E, F), while Bax and 
Noxa did not significandy change with any of the treatments (Fig. 6 
D, G, H). We conclude that iASPP overexpression leads to 
downregulation of PUMA and Fas/CD95, suggesting that iASPP 
protects RGCs by inhibiting the ability of p53 to activate key pro- 
apoptotic targets. 



Discussion 

The critical anti-apoptotic function of iASPP is underscored by 
its phylogenetic conservation, as it is the most evolutionarily 
conserved inhibitor of p53 [10]. Our study provides novel insight 
into the functional role of iASPP in neuronal survival, and allows 
us to draw the following conclusions. First, iASPP is abundandy 
expressed by adult RGCs, as well as a subset of amacrine and 
horizontal cells. Second, although total iASPP levels are not 
altered by optic nerve injury, phosphoserine iASPP levels, which 
serve as a readout of iASPP activity, were markedly reduced after 
axotomy. Third, selective knockdown of iASPP exacerbated RGC 
death while targeted iASPP overexpression increased phosphoser- 
ine iASPP levels and promoted RGC survival. Finally, we showed 
that AAV-mediated iASPP expression resulted in reduced p53 
activity and rapid downregulation of pro-apoptotic targets PUMA 
and Fas/ CD95. These data reveal a critical role for iASPP in the 
survival of CNS neurons following axonal injury. 

We report constitutive expression of iASPP in RGCs, and in 
some amacrine and horizontal cells of the adult rat retina. RGCs 
express high levels of iASPP, however, a few faindy stained iASPP- 
positive cells in the GCL, which did not co-localize with RGC- 
specific markers, are most likely displaced amacrine cells. In the 
INL, there are some iASPP-positive cells that did not co-localize 
with either calretinin or calbindin suggesting that another type of 
amacrine cell, possibly glycinergic All cells [42], also express 
iASPP. Although we previously showed that the expression of pro- 
apoptotic ASPP family members, ASPP1 and ASPP2, is restricted 
to the ganglion cell layer [18], another p53 inhibitor, MDM2, is 
also expressed by amacrine and horizontal cells in adult mice [43]. 
MDM4, which is structurally similar to MDM2, is also constitu- 
tively expressed in the adult retina [44], suggesting that 
complementary mechanisms are in place to ensure a tight 
regulation of p53 pro-apoptotic activity in retinal cells. Our 
finding that selective knockdown of iASPP by siRNA exacerbates 
RGC death after axonal injury is consistent with recent findings 
showing that downregulation of endogenous iASPP expression 
increases apoptosis in tumors of different origin including lung, 
breast, and prostate cancer as well as leukemia [45-48]. Indeed, 
the inhibition of iASPP has been proposed as a novel strategy for 
treating tumors affected by deregulation of p53 function. Of 
interest, our observation that AAV-mediated iASPP increases 
RGC survival following axotomy resembles the conferred resis- 
tance of iASPP-overexpressing cancer cells to chemotherapeutic 
drugs including placlitaxel [14], and cisplatin [1]. Thus, our 
complementary loss-of-function and gain-of-function experiments 
reveal a close parallel between the strong anti-apoptotic role of 
iASPP in cancer cells and that reported here for adult RGCs. 

Our data show that retinal iASPP protein levels were not altered 
after optic nerve axotomy, similar to pro-apoptotic ASPP family 
members ASPP1 and ASPP2 [18]. Unlike cancer or stroke models 
in which the total level of ASPP has been shown to vary, this 
finding supports that, instead, iASPP phosphorylation is markedly 
reduced after axonal injury suggesting loss of iASPP activity in 
damaged neurons. The phosphorylation of iASPP at serine 
residues Ser84 and Serll3 sites was found to increase iASPP 
binding affinity to p53 [34]. PhosphoSitePlus [49], a curated 
protein phosphorylation site database identified by large scale 
Mass Spectrometry screening from various tissues and cell lines, 
reports the identification of at least 9 other serine phosphorylation 
residues in iASPP in addition to the Ser84 and Ser 1 1 3 sites. 
Although not residue-specific, our phosphoserine immunoprecip- 
itation assay demonstrates that iASPP is endogenously phosphor- 
ylated in the intact retina and that the level of iASPP serine 
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Figure 6. AAV.iASPP inhibits p53 activation and downregulates retinal PUMA and Fas/CD95 levels. Western blot analysis of axotomized 
retinal samples show that p53 phosphoserine15 (pSer15) levels are reduced in AAV.iASPP-treated retinas compared to control AAV.GFP at 24 hrs 
post-axotomy (A, C; ANOVA, * = p<0.05). Acetyl p53 levels remained unchanged (A, B; ANOVA, p>0.05). The p53 apoptotic targets PUMA and Fas/ 
CD95 protein levels decrease in retinas treated with AAV.iASPP compared to AAV.GFP-treated control retinas (D, E, F; ANOVA, *** = p<0.005, ** = p< 
0.001), whereas Bax and Noxa remained unchanged (D, G, H; ANOVA, p>0.05). 
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phosphorylation is markedly reduced following optic nerve injury. 
Given that our immunoprecipitation assay was performed on 
whole retinal lysates, the observation that phospho-iASPP was not 
detected after axotomy suggests that iASPP phosphorylation is 
compromised in all the cells expressing this protein. However, we 
cannot rule out that iASPP phosphorylation in amacrine and 
horizontal cells does not change with axotomy but it is below 
detection levels. Notwithstanding, our data suggest that in the 
axotomized eye, the affinity of retinal iASPP towards p53 is 
reduced and, as such, may contribute to tilting the fate of injured 
neurons towards death. This hypothesis is strengthened by our 
finding that phosphoserine iASPP increases in AAV.iASPP-treated 
retinas, further supporting the conclusion that the affinity of iASPP 
towards p53 is greater in retinas overexpressing iASPP thereby 
blocking the apoptotic effect of p53 and enhancing cell survival. 

To our knowledge, the only kinase known to phosphorylate 
iASPP is cyclin B1/CDK1 [34]. Of interest, the p53 downstream 
target and DNA damage-inducible protein Gadd45a has been 
shown to inhibit cyclin B1/CDK1 [50]. Gadd45oc is upregulated 
in the ganglion cell layer following optic nerve transection and 
ocular hypertension [51]. Furthermore, Gadd45ot modulates a 
positive feedback loop via p38, which phosphorylates p53 at its 
serine 15 site [52]. Therefore, it is possible that injury-induced 
Gadd45ot upregulation inhibits cyclin B1/CDK1 thus preventing 
iASPP phosphorylation. We propose that, as an inhibitor of p53, 



iASPP overexpression might reduce p53-dependent transcription 
of Gadd45oe, as evidenced by the decrease in pSerl5-p53 levels 
reported here, allowing cyclin B1/CDK1 to phosphorylate iASPP. 

We previously demonstrated that RGCs die in a p53-dependent 
manner following axonal damage and that although total p53 
expression levels did not change after injury, critical post- 
translational modifications occurred in vivo [18]. We detected 
phosphorylation of p53 at serine 15, which has been shown to 
increase the ability of p53 to recruit CBP/p300 acetyltransferase 
[53]. However, we did not detect changes in acetylation of p53 on 
Lys 373 and Lys 382 soon after axotomy, which is consistent with 
a previous study in which neither acetylation at Lys373 nor p300 
acetyltransferase levels were altered in RGCs 24 hrs after optic 
nerve crush [54]. Therefore, although acetylation at Lys373 and 
Lys382 are known to be involved in fine-tuning the p53 stress 
response [55], these modifications do not appear to play a critical 
role in early changes associated with RGC death. In agreement 
with this, the loss of p53 acetylation at its C terminus by CBP/ 
p300 was not required for p53 transactivation in an acetylation- 
deficient missense mutant mouse model [55]. 

Along with an increased affinity towards p53, phosphorylated 
iASPP has been reported to reduce pro-apoptotic gene transcrip- 
tion [34]. Indeed, iASPP phosphorylation at Ser84 and Serll3 
resulted in reduced transcriptional activity of p53 targets PUMA, 
Bax and PIG3 compared to wild-type ASPP in melanoma cells 
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[34]. Similarly, we show that AAV-iASPP significantly increases 
the levels of phosphoserine iASPP, which coincided with reduced 
levels of PUMA and Fas/ CD95, leading to neuronal survival. Of 
interest, siRNA-mediated knockdown of PUMA or Fas/CD95 
resulted in substantial RGC protection after optic nerve injury 
[18]. Decreased PUMA and Fas/CD95 expression may rescue 
RGCs by affecting intrinsic and extrinsic apoptotic pathways, 
respectively. Active PUMA, a BH3-only Bcl-2 family member and 
critical mediator of p53-dependent apoptosis [56], may act 
indirectly on pro-apoptotic Bcl-2 family members by relieving 
the inhibition imposed by anti-apoptotic members [57,58]. Fas/ 
CD95, a death receptor that triggers apoptosis when bound by Fas 
ligand after recruiting the adapter protein FADD (Fas-associated 
death domain) and pro-caspase 8 [59], is weakly expressed in the 
intact rodent retina [60,61]. The expression of Fas/CD95 
markedly increases in the ganglion cell layer as well as microglia 
during glaucomatous damage [60,62]. Furthermore, FADD is 
upregulated in RGCs subjected to ocular hypertension [62], and 
FasL-expressing microglia can induce apoptotic RGC death in a 
spontaneous mouse glaucoma model [63]. The reduction of Fas/ 
CD95 levels reported here following iASPP.AAV administration 
may effectively decrease the activation of death receptor apoptotic 
pathways mediated by FasL, thereby increasing RGC survival. 
Overall, our data suggest that iASPP expression in RGCs is 

References 

1. Bergamaschi D, Samuels Y, O'Neil NJ, Trigiante G, Crook T, ct al. (2003) 
iASPP oncoprotein is a key inhibitor of p53 conserved from worm to human. 
Nat Genet 33: 162-167. 

2. YangJP, Hori M, Sanda T, Okamoto T (1999) Identification of a novel inhibitor 
of nuclear factor-kappaB, RclA-associatcd inhibitor. J Biol Chem 274: 15662- 
15670. 

3. Slcc E, Giilotin Sb, Bergamaschi D, Royer C, Llanos S, ct al. (2004) The N- 
terminus of a novel isoform of human iASPP is required for its cytoplasmic 
localization. Oncogene 23: 9007-9016. 

4. Ao Y, Rohde LH, Naumovski L (2001) p53-interacting protein 53BP2 inhibits 
clonogenic survival and sensitizes cells to doxorubicin but not paclitaxel-induced 
apoptosis. Oncogene 20: 2720—2725. 

5. Bergamaschi D, Samuels Y, Sullivan A, Zvelcbil M, Breyssens H, ct al. (2006) 
iASPP preferentially binds p53 proline-rich region and modulates apoptotic 
function of codon 72-polymorphic p53. Nat Genet 38: 1133—1141. 

6. Samuels Lev Y, O'Connor D, Bergamaschi D, Trigiante G, Hsieh J, ct al. (200 1 ) 
ASPP proteins specifically stimulate the apoptotic function of p53. Mol Cell 8: 
781-794. 

7. Lopez CD, Ao Y, Rohde LH, Perez TD, O'Connor DJ, ct al. (2000) 
Proapoptotic p53-interacting protein 53BP2 is induced by UV irradiation but 
suppressed by p53. Mol Cell Biol 20: 8018-8025. 

8. Aim J, Bycon 1-J, Byeon C-H, Groncnborn A (2009) Insight into the structural 
basis of pro- and antiapoptotic p53 modulation by ASPP proteins. J Biol Chem 
284: 13812-13822. 

9. Bergamaschi D, Samuels Y, Jin B, Duraisingham S, Crook T, ct al. (2004) 
ASPP1 and ASPP2: common activators of p53 family members. Mol Cell Biol 
24: 1341-1350. 

10. Bergamaschi D, Samuels Y, O'Neil N, Trigiante G, Crook T, ct al. (2003) iASPP 
oncoprotein is a key inhibitor of p53 conserved from worm to human. Nat Genet 
33: 162-167. 

1 1. Y'angJ, Hori M, Sanda T, Okamoto T (1999) Identification of a novel inhibitor 
of nuclear factor-kappaB, RclA-associatcd inhibitor. J Biol Chem 274: 15662— 
15670. 

12. Zhang X, Wang M, Zhou C, Chen S, WangJ (2005) The expression of iASPP in 
acute leukemias. Leukemia Res 29: 179—183. 

13. Li G, Wang R, GaoJ, Deng K, Wei J, ct al. (201 1) RNA interference-mediated 
silencing of iASPP induces cell proliferation inhibition and G0/G1 cell cycle 
arrest in U251 human glioblastoma cells. Mol Cell Biochcm 350: 193-200. 

14. Jiang L, Siu MKY, Tarn K-F, Lu X, Lam EWF, ct al. (2011) iASPP and 
chemoresistance in ovarian cancers: effects on paclitaxcl-mcdiatcd mitotic 
catastrophe. Clin Cancer Res 17: 6924-6933. 

15. Liu Z, Huang D, Liu Y, Zhang X, Liu L, et al. (2012) Elevated expression of 
iASPP in head and neck squamous cell carcinoma and its clinical significance. 
Med Oncol 29: 3381-3388. 

16. Bcrkelaar M, Clarke DB, Wang Y-C, Bray GM, Aguayo AJ (1994) Axotomy 
results in delayed death and apoptosis of retinal ganglion cells in adult rats. 
J Neurosci 14: 4368-4374. 



required as a molecular checkpoint to ensure that p53 activity is 
kept low and under tight control in healthy cells. Specifically, 
iASPP is likely to inhibit the ability of p53 to stimulate pro- 
apoptotic retinal targets, including PUMA and Fas/CD95, thus 
preventing or attenuating p53-dependent neuronal death. 

In conclusion, we identify a novel role for the highly conserved 
p53 inhibitor iASPP in the survival of retinal neurons subjected to 
axonal injury. Our findings expand our current understanding of 
the role of the ASPP family of p53 regulators in neurodegeneration 
which could prove beneficial for the design of strategies aimed at 
curtailing neuronal loss in the injured CNS. 

Acknowledgments 

We thank Dr. Timothy E. Kennedy (Montreal Neurological Institute, 
McGill University) for comments on the manuscript, and Dr. Elena 
Feinstein (Quark Pharmaceuticals Inc.) for kindly providing the siRNA 
against GFP. 

Author Contributions 

Conceived and designed the experiments: ADP. Performed the experi- 
ments: AMW. Analyzed the data: AMW. Contributed reagents/materials/ 
analysis tools: VAC SLB NCB WWH. Wrote the paper: AMW ADP. 



17. Cheng L, Sapicha P, Khtlerova P, Hauswirth WW, Di Polo A (2002) TrkB gene 
transfer protects retinal ganglion cells from axotomy-induccd death in vivo. 
J Neurosci 22: 3977-3986. 

18. Wilson A, Morqucttc B, Abdouh M, Unsain Ns, Barker P, et al. (2013) ASPP1/2 
regulate p53-dependent death of retinal ganglion cells through PUMA and Fas/ 
CD95 activation in vivo. J Neurosci 33: 2205-2216. 

19. Pcrnct V, Hauswirth WW, Di Polo A (2005) Extracellular signal-regulated 
kinase 1/2 mediates survival, but not axon regeneration, of adult injured central 
nervous system neurons in vivo. J Neurochem 93: 72—83. 

20. Hamar P, Song E, Kokeny G, Chen A, Ouyang N, et al. (2004) Small interfering 
RNA targeting Fas protects mice against renal ischcmia-rcpcrfusion injury. Proc 
Natl Acad Sci USA 101: 14883-14888. 

2 1 . Zhong L, Li B, Mah C, Govindasamy L, Agbandjc McKcnna M, ct al. (2008) 
Next generation of adeno-associated virus 2 vectors: point mutations in tyrosines 
lead to high-efficiency transduction at lower doses. Proc Nat Acad Sci USA 105: 
7827-7832. 

22. Hauswirth WW, Lcwin AS, Zolotukhin S, Muzyczka N (2000) Production and 
purification of recombinant adeno-associated virus. Methods Enzymol 316: 743- 
761. 

23. Leon S, Yin Y, Nguyen J, Irwin N, Benowitz LI (2000) Lens injury stimulates 
axon regeneration in the mature rat optic nerve. J Neurosci 20: 4615—4626. 

24. Mansour-Robaey S, Clarke DB, Wang Y-C, Bray GM, Aguayo AJ (1994) Effects 
of ocular injury and administration of brain-derived neurotrophic factor on 
survival and regrowth of axotomized retinal ganglion cells. Proc Natl Acad Sci 
USA 91: 1632-1636. 

25. Lcbrun-Julicn F, Morquette B, Douillette A, Saragovi HU, Di Polo A (2009) 
Inhibition of p75NTR in glia potentiates TrkA-mediated survival of injured 
retinal ganglion cells. Mol Cell Neurosci 40: 410-420. 

26. Rodriguez A, dc Sevilla Muller LP, Brccha N (2013) The RNA binding protein 
RBPMS is a selective marker of ganglion cells in the mammalian retina. J Comp 
Neurol (In Press). 

27. Nadal-Nicolas F, Jimenez-Lopez M, Sobrado Calvo P, Nieto-Lopez L, Canovas- 
Martinez I, et al. (2009) Brn3a as a marker of retinal ganglion cells: qualitative 
and quantitative time course studies in naive and optic nerve-injured retinas. 
Invest Ophthalmol Vis Sci 50: 3860-3868. 

28. Perry VH (1981) Evidence for an amacrinc cell system in the ganglion cell layer 
of the rat retina. Neurosci 6: 931—944. 

29. Schlamp C, Montgomery A, Mac Nair C, Schuart C, Willmer D, ct al. (2013) 
Evaluation of the percentage of ganglion cells in the ganglion cell layer of the 
rodent retina. Mol Vis 19: 1387-1396. 

30. KwongJMK, Caprioli J, Piri N (2010) RNA binding protein with multiple 
splicing: a new marker for retinal ganglion cells. Invest Ophthalmol Vis Sci 51: 
1052-1058. 

31. Villegas-Perez MP, Vidal-Sanz M, Rasminsky M, Bray GM, Aguayo AJ (1993) 
Rapid and protracted phases of retinal ganglion cell loss follow axotomy in the 
optic nerve of adult rats. J Neurobiol 24: 23-36. 

32. Nadal-Nicolas F, Jimenez Lopez M, Salinas Navarro M, Sobrado Calvo P, 
Alburquerquc Bcjar J, ct al. (2012) Whole number, distribution and co- 



PLOS ONE | www.plosone.org 



9 



April 2014 | Volume 9 | Issue 4 | e94175 



iASPP Promotes Neuronal Survival 



expression of brn3 transcription factors in retinal ganglion cells of adult albino 
and pigmented rats. PLOS ONE 7: e49830-e49830. 

33. Agudo Barriuso M, Lahoz A, Nadal-Nicolas F, Sobrado Calvo P, Piquer Gil M, 
ct al. (2013) Metabolomic changes in the rat retina after optic nerve crush. Invest 
Ophthalmol Vis Sci 54: 4249-4259. 

34. Lu M, Breyssens H, Salter V, Zhong S, Hu Y, ct al. (2013) Restoring p53 
function in human melanoma cells by inhibiting MDM2 and cyclin B1/CDK1- 
phosphorylated nuclear iASPP. Cancer Cell 23: 618—633. 

35. Wilson AM, Di Polo A (2012) Gene therapy for retinal ganglion cell 
neuroprotection in glaucoma. Gene Ther 19: 127-136. 

36. Pernet V, Di Polo A (2006; Synergistic action of brain-derived neurotrophic 
factor and lens injury promotes retinal ganglion cell survival, but leads to optic 
nerve dystrophy in vivo. Brain 129: 1014-1026. 

37. Liu L, Scolnick DM, Trievel RC, Zhang HB, Marmorstein R, ct al. (1999) p53 
sites acetylated in vitro by PCAF and p300 are acetylated in vivo in response to 
DNA damage. Mol Cell Biol 19: 1202-1209. 

38. Knights C, Catania J, Di Giovanni S, Muratoglu S, Perez R, ct al. (2006) 
Distinct p53 acetylation cassettes differentially influence gene-exprcssion 
patterns and cell fate. J Cell Biol 173: 533-544. 

39. Yamaguchi H, Woods N, Piluso L, Lcc H-H, Chen J, ct al. (2009) p53 
acctvlation is crucial for its transcription-independent proapoptotic functions. 
J Biol Chcm 284: 11 171-11 183. 

40. Dumaz N, Meek DW (1999) Serinel5 phosphorylation stimulates p53 
transactivation but does not directly influence interaction with HDM2. 
EMBOJ 18: 7002-7010. 

41. linger T, Sionov RV, Moallem E, Ycc CL, Howley PM, ct al. (1999) Mutations 
in serines 15 and 20 of human p53 impair its apoptotic activity. Oncogene 18: 
3205-3212. 

42. Gabriel R, Witkovsky P (1998) Cholinergic, but not the rod pathway-related 
glycinergic (All), amacrine cells contain calretinin in the rat retina. Neurosci Lett 
247: 179-182. 

43. Xu X, Fang Y, Lee T, Forrest D, Gregory Evans C, ct al. (2009) Retinoblastoma 
has properties of a cone precursor tumor and depends upon cone-specific 
MDM2 signaling. Cell 137: 1018-1031. 

44. Guo Y, Pajovic S, Gallie B (2008) Expression of pl4ARF, MDM2, and MDM4 
in human retinoblastoma. Biochem Biophys Res Commun 375: 1—5. 

45. Liu Z-J, Cai Y, Hou L, Gao X, Xin H-M, ct al. (2008) Effect of RNA 
interference of iASPP on the apoptosis in MCF-7 breast cancer cells. Cancer 
Invest 26: 878-882. 

46. Zhang B, Xiao HJ, Chen J, Tao X, Cai LH (2011) Inhibitory member of the 
apoptosis-stimulating protein of p53 (ASPP) family promotes growth and 
tumorigenesis in human p53-deficient prostate cancer cells. Prostate Cancer 
Prostatic Dis 14: 219-224. 

47. Li S, Shi G, Yuan H, Zhou T, Zhang Q, et al. (2012) Abnormal expression 
pattern of the ASPP family of proteins in human non-small cell lung cancer and 
regulatory functions on apoptosis through p53 by iASPP. Oncol Rep 28: 133- 
140. 

48. Liu H, Wang M, Diao S, Rao Q, Zhang X, et al. (2009) siRNA-mediated down- 
regulation of iASPP promotes apoptosis induced by etoposidc and daunorubicin 
in leukemia cells expressing wild-type p53. Leukemia Res 33: 1243-1248. 



49. Hornbeck P, Kornhauser J, Tkachev S, Zhang B, Skrzypek E, ct al. (2012) 
PhosphoSitePlus: a comprehensive resource for investigating the structure and 
function of experimentally determined post-translational modifications in man 
and mouse. Nucleic Acids Res 40: D261-D270. 

50. Zhan Q, Antinorc MJ, Wang XW, Carrier F, Smith ML, ct al. (1999) 
Association with Cdc2 and inhibition of Cdc2/Cyclin Bl kinase activity by the 
p53-rcgulatcd protein Gadd45. Oncogene 18: 2892-2900. 

51. Levkovitch-Verbin H, Dardik R, Vander S, Nisgav Y, Kalev-Landoy M, et al. 
(2006) Experimental Glaucoma and Optic Nerve Transection Induce Simulta- 
neous Upregulation of Proapoptotic and Prosurvival Genes. Invest Ophthalmol 
Vis Sci 47: 2491-2497. 

52. Jin S, Mazzacurati L, Zhu X, Tong T, Song Y, ct al. (2003) Gadd45a 
contributes to p53 stabilization in response to DNA damage. Oncogene 22: 
8536-8540. 

53. Lambert PF, Kashanchi F, Radonovich MF, Shiekhattar R, Brady JN (1998) 
Phosphorylation of p53 serine 15 increases interaction with CBP. J Biol Chcm 
273: 33048-33053. 

54. Gaub P, Joshi Y, Wuttkc A, Naumann U, Schnichcls S, ct al. (201 1) The histonc 
acctyltransferasc p300 promotes intrinsic axonal regeneration. Brain 134: 2134- 
2148. 

55. Krummcl K, Lee C, Toledo F, Wahl G (2005) The C-terminal lysines fine-tune 
P53 stress responses in a mouse model but are not required for stability control 
or transactivation. Proc Nat Acad Sci USA 102: 10188-10193. 

56. letters JR, Parganas E, Lee Y, Yang C, WangJ, et al. (2003) Puma is an essential 
mediator of p53-dependent and -independent apoptotic pathways. Cancer Cell 
4: 321-328. 

57. Kim H, Tu H-C, Ren D, Takeuchi O, Jeffers J, et al. (2009) Stepwise activation 
of BAX and BAK by tBID, BIM, and PUMA initiates mitochondrial apoptosis. 
Mol Cell 36: 487-499. 

58. Ren D, Tu H-C, Kim H, Wang G, Bean G, ct al. (2010) BID, BIM, and PUMA 
are essential for activation of the BAX- and BAK-dependent cell death program. 
Science 330: 1390-1393. 

59. MedcmaJP, Scaftidi C, Kischkcl FC, Shcvchcnko A, Mann M, ct al. (1997) 
FLICE is activated by association with the CD95 death-inducing signaling 
complex (DISC). EMBOJ 16: 2794-2804. 

60. Kim HS, Park CK (2005) Retinal ganglion cell death is delayed by activation of 
retinal intrinsic cell survival program. Brain Res 1057: 17-28. 

61. Wax MB, Tczcl G, Yang J, Peng G, Patil RV, ct al. (2008) Induced 
autoimmunity to heat shock proteins elicits glaucomatous loss of retinal ganglion 
cell neurons via activated T-cell-derivcd Fas-ligand. J Neurosci 28: 12085- 
12096. 

62. Ju KR, Kim HS, Kim JH, Lcc NY, Park CK (2006) Retinal glial cell responses 
and Fas/FasL activation in rats with chronic ocular hypertension. Brain Res 
1122:209-221. 

63. Gregory M, Hackett C, Abernathy E, Lee K, SaffR, ct al. (20 1 1) Opposing roles 
for membrane bound and soluble Fas ligand in glaucoma-associated retinal 
ganglion cell death. PLOS ONE 6: cl7659-c 17659. 



PLOS ONE | www.plosone.org 



10 



April 2014 | Volume 9 | Issue 4 | e94175 



